Abstract-We numerically model the ablation process of a 25-µm-thick aluminum foil driven by a pulsed-power machine that provides a 1-MA peak current in a 100-ns zero-to-peak rise time. The extended magnetohydrodynamics simulation is a discontinuous Galerkin code with Cartesian coordinates in 3-D and with 25-µm spatial resolution. We investigate the influence of an external magnetic field normal to the foil surface, B z . During the foil ablation, B z = 1 T causes more nonuniform distributions of density and current compared to B z = 0 T. B z = 4 T delays the generation of surface plasma relative to the 0-and 1-T cases. The understanding of a material's ablation as it undergoes transition from the solid to plasma phases requires detailed knowledge of a material's equation of state and conductivity. This paper of warm dense matter and how instabilities propagate from a solid material to plasma motivates improvements to both numerical simulations and experimental diagnostics.
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I. INTRODUCTION
T HE physics of warm dense matter, the regime between the condensed matter and plasma, can be difficult to numerically model and also difficult to experimentally diagnose [1] . When a plasma is generated from a source, like from the ablation of a solid material, often a typical first approximation is that the plasma is created rapidly and the initial conditions of the source are considered to be of secondary importance compared to the plasma dynamics after the plasma forms. However, as the material transitions from solid to liquid, to liquid-vapor mixture, to partially ionized gas, and finally to a fully ionized plasma, the details of the material's conductivity and equation of state (EOS) during these phase transitions can fundamentally affect the dynamics of the final plasma state.
We present the results of the extended magnetohydrodynamics (XMHD) code, Plasma as an XMHD Relaxation System using an Efficient Upwind Scheme (PERSEUS) [2] that simulates ablation of a current-driven foil as the foil transitions from the solid to plasma phases. In this paper, we are concerned with where the current is flowing in the foil and what influence an applied magnetic field has on this current distribution. These simulations are relevant to the ablation of foils in laboratory experiments like those using the pulsed-power machine COrnell Beam Research Accelerator (COBRA) [3] . Furthermore, the processes involved in the foil ablation can provide information regarding how the instabilities develop based on the current, temperature, and density nonuniformities [4] - [11] .
II. SIMULATION SETUP

A. Code Specifications
The PERSEUS XMHD code has been described in previous work [2] , [12] . It is an Eulerian (fixed grid mesh) code. In this paper, we use a discontinuous Galerkin (DG) code rather than a finite volume (FV) version of the code, and we use Cartesian coordinates in 3-D. With the DG method, we use a linear basis with bilinear and trilinear elements {1, x, y, z, x y, yz, zx, x yz}. The code treats the plasma as a single fluid with Hall MHD, including the Hall term in the generalized Ohm's law but not the electron pressure term due to numerical stability issues. The resistivity and EOS data for aluminum are interpolated using published experimental data from the solid phase to the plasma phase [13] - [16] . In the plasma phase, we use the Spitzer conductivity and a plasma EOS (P = nkT). By modeling nonideal EOS and resistivity effects specific to aluminum, we can model a more realistic solid-to-plasma transition. However, there is still more work to be done in order to better capture this transition, for example, with modeling the warm dense matter regime.
The computational grid resolution of 25 μm sufficiently resolves the foil thickness (∼25 μm) using this DG code. The DG method captures spatial variation locally within a single grid cell, and this allows for better resolution than the FV method, for which the function is assumed constant within the grid cell. Here, we are concerned with accurately modeling current diffusion through the solid foil thickness rather than accurately modeling smaller scale structures within the foil. Full spatial resolution is important in order to correctly model diffusion of the current pulse through a foil that 0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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has an accurate electrical resistivity. The diffusion time, τ , is approximately related to the material thickness, δ, and resistivity, ρ, by τ ∼ μδ 2 /ρ, where μ is the permeability of the material. Examination of this parameter shows the importance of resolving the foil thickness in the simulation. Suppose the computation grid size (and minimum computation foil thickness, δ) is four times larger than the actual (experimental) foil thickness. Then, in order to achieve the same diffusion penetration time (τ ) of the current pulse, the resistivity (ρ) of the foil material within the grid cell must be increased by a factor of 16. Furthermore, in order to have the same total foil material mass, a computation grid size four times larger than the foil thickness necessitates an initial density within the grid cell that is a factor of four times smaller than solid density. Because the material resistivity and EOS are important for the ablation physics investigated in this paper, we want the foil thickness to be fully resolved and the foil initialized at solid density. We note that for the 100-ns zero-to-peak COBRA current pulse, room-temperature aluminum has a calculated skin depth of ∼40 μm for the experiments relevant to the simulation parameters presented here. Therefore, the current flow through the foil is initially uniform.
B. Problem Description
We initialize the foil as a 2 mm ×2 mm×25 μm aluminum block in the x-, y-, and z-directions, respectively. The J x B y component of the J × B force accelerates the foil in the positive z-direction. For the initial 100-ns rise time, the current I is modeled after the COBRA pulse as I (t) = I max sin 2 (0.5πt/100) with the time t in nanoseconds, and where I max = 1 MA. In addition, an external magnetic field, B z of either 0 (no field), 1, or 4 T, is applied along the z-direction (the direction of the initial 25-μm foil thickness).
Neglecting the effects of radial convergence and curvature, this block of foil material in Cartesian coordinates can approximate a section of a cylindrical liner Z-pinch or a radial foil. Conceptually, the anode and cathode of the pulsed-power machine are at the negative-x and positive-x boundaries, respectively, in Fig. 1 . For a cylindrical liner with current traveling along its z-direction, the applied magnetic field in the simulation would correspond to a radial magnetic field [17] . For a radial foil with current traveling radially through the foil (its r -direction), the applied magnetic field in the simulation would correspond to an axial magnetic field (its z-direction) [18] - [20] .
In this paper, we focus on the ablation characteristics of the surface of the foil that faces the positive-z boundary of the computational domain. This surface would correspond to the inner surface of an imploding liner or the upper surface of a radial foil. Simulation results related to the opposite foil surface will be presented in the future work. Because of the planar geometry, these ablation simulations cannot model sausage or kink instabilities of a liner, but they can model the magneto-Rayleigh-Taylor instability, particularly on the lower foil surface that corresponds to the outer surface of an imploding liner. For reference, the color scales for the images displayed in this paper follow from the smallest to the largest values: blue, dark blue, cyan, green, yellow, orange, dark red, and red.
III. RESULTS
As the foil ablates, we look at the time evolution of the density and current. At 45 ns into the current pulse, the foil has expanded from its original thickness of 25 to ∼80 μm (shown in Fig. 1 , which is identical at this time for B z = 0, 1, and 4 T). After this time, significant plasma starts forming above the foil surface for the 0-and 1-T cases, as displayed at 55 ns in Fig. 2 . More plasma forms above the foil than below because the J × B force is directed upward. At 55 ns, we observe more ablating plasma for the 0-T case than the 1-T case; this corresponds to a thicker region of plasma density ∼10 17 cm −3 (cyan) above the >10 22 cm −3 foil density (red) in Fig. 2 (a) compared to Fig. 2(b) . The current is distributed mostly in the solid foil, but there is also a layer of current in the ablating surface plasma; in Fig. 2(a) and (b) , this corresponds to most of the current being in the >10 22 cm −3 (red) region, but there is also some current in the ∼10 18 cm −3 (green) and ∼10 17 cm −3 (cyan) regions. In addition, there is a gap of little to no current between these two current layers; in Fig. 2(e) and (f), there is a <10 10 A/m 2 (blue) region between the two ∼10 11 A/m 2 (orange to red) regions. This current gap occurs in an intermediate density range in the material; in Fig. 2(a) and (b), this is a ∼10 20 − 10 21 cm −3 (orange to dark red) region. Furthermore, the lowermost >10 10 A/m 2 region in Fig. 2(e) and (f) consists of two ∼10 11 A/m 2 (red) regions separated by > 4×10 10 A/m 2 regions (green to dark red); this situation corresponds with a medium current layer in between the two high current layers. While we plot the current density magnitude, we note that the vast majority of the current is moving in the x-direction. With an additional 10 ns later, i.e., at 65 ns, we now see more plasma for the 1-T case than the 0-T case; this corresponds to a thicker region of ∼10 18 cm −3 (green) above the > 10 22 cm −3 (red) in Fig. 2(d) compared to Fig. 2(c) . Therefore, between 55 and 65 ns in this simulation, the external 1-T B z is facilitating more plasma ablation from the foil surface. We believe the physical reason for this increase in plasma ablation is related, in part, to the B z acting along with the nonuniformities in the foil material to cause nonuniform current densities, nonuniform heating, and enhanced ablation and density reduction in the locally hotter foil regions. The code includes a density and temperature-dependent electrical conductivity necessary for the electrothermal and/or electrochoric instabilities [4] - [10] . Furthermore, the simulations qualitatively display features consistent with the electrothermal and electrochoric structures. However, the smaller scale structures of these instabilities are not quantitatively resolved with the resolution used in this paper. Moreover, electrothermal instabilities are the likely candidates for why: 1) there are initial nonuniformities in the higher density (solid-liquid) foil that do not equilibrate and smooth out and 2) the nonuniform plasma propagates from these initial solid-liquid nonuniformities. However, the applied B z is observed to complicate this physical picture of the development of these instabilities.
We will investigate the lower density (<10 19 cm −3 ) plasma development in the future work, but in this paper, we focus on the higher density regions (>10 19 cm −3 ). As previously stated, most of the current is traveling in the high density near-solid foil (>10 21 cm −3 ) rather than the surface plasma (<10 19 cm −3 ). At 65 ns, we observe that more current is flowing more uniformly in the near-solid foil for the 0-T case than the 1-T case; this corresponds to more current >3×10 11 A/m 2 (cyan) distributed in Fig. 2(g) than Fig. 2(h) . Although both images Fig. 2(g ) and (h) saturate the displayed color scheme (with currents > 10 12 A/m 2 ), the maximum current densities for both simulations at this time are close: ∼8×10 12 A/m 2 for the 0-T case and ∼9×10 12 A/m 2 for the 1-T case. At this 65-ns time, the little to no current region shown in the images at 55 ns is still present but not displayed due to the color scale change. The current density distribution is fundamentally related to the temperature, number density, and the amount of ablated plasma.
We plot the current within the individual density contours at 65 ns for B z = 0 and 1 T in Fig. 3 . Each surface contour in each image has a specific density as labeled, and we overlay the current magnitude as the color scale. There are two contours (one above the other) at each density because the foil expands and generates plasma on both its upper and lower surfaces. Again, in this paper, we are focusing on the upper surface since most of the plasma ablates upward. At a given number density, the upper surface typically has less current density compared to the lower surface because the upward plasma ablation reduces the magnetic field magnitude and shear within the plasma that drives the current (in other words, reducing ∂ B y /∂z that drives J x ). For the slice with the highest density, 10 22 cm −3 , we observe that applying the 1-T B z causes current nonuniformities compared to the 0-T case; in Fig. 3 , this corresponds to dispersed lower current ∼6×10 10 A/m 2 represented by yellow regions for the 1-T case. The 10 21 cm −3 contours are similar for both cases, showing little to no current in the upper foil surface. The 10 20 cm −3 contours are also similar, with there being somewhat more current for the 0-T case than the 1-T case; in Fig. 3 , this corresponds to more ∼2×10 10 A/m 2 (dark blue) regions for the 0-T case rather than <2×10 10 A/m 2 (blue) regions for the 1-T case. Then, considering the lower density plasma contours, at 10 19 cm −3 , we again see larger differences, where the applied 1-T B z has lower current than the 0-T case; again, we note that the current scale minimum is 10 10 A/m 2 (blue), and the 1-T case has 1 − 3 × 10 10 A/m 2 (blue and dark blue) regions, while the 0-T case has mostly 2 − 4 × 10 10 A/m 2 (dark blue and cyan) regions. In Fig. 3 , as in Fig. 2 , we find that the applied B z = 1 T leads to current nonuniformities.
When an even larger B z = 4 T is applied, we find a delayed and more uniform ablation compared to the 1-T case. Of note, the B z = 1 T case does not significantly delay the plasma ablation compared to the 0-T case (by more than 5 ns, if at all). In Fig. 4 at 65 ns, the higher densities >10 20 cm −3 of the foil (orange to red) have expanded with only minimal surface plasma of 10 17 − 10 18 cm −3 (cyan and green) compared to the 0-T and 1-T cases [ Fig. 4 I compared to Fig. 2(c) and (d) ]. The ablation is delayed in time, and when the surface plasma does form, it is more uniform for B z = 4 T than B z = 1 T; this corresponds to more uniform 10 17 cm −3 (cyan) at 75 ns in Fig. 4 II compared to less uniform 10 17 − 10 18 cm −3 (cyan and green) at 65 ns in Fig. 2(d) . The physical reason for this delay in plasma expansion above the foil is presently an open question. One possible cause is that the anisotropic conductivity due to the applied B z influences the plasma dynamics. Another explanation is that the larger magnetic pressure (B 2 /2μ 0 ) into which the plasma must expand causes this delay for the B z = 4 T case compared to the 0-and 1-T cases. As the ablating plasma expands above the foil, the simulations show advection of the external B z for which the field lines bend and distort, creating nonaxial (x and y) components of the magnetic field above the foil. We note that if the field lines did not bend, expansion upward in the z-direction would not be prevented by the B z field lines (oriented along the expansion direction). The more uniform density distribution correlates with a more uniform current distribution; Fig. 4 III has more distributed current ∼3×10 11 A/m 2 (cyan) similar to Fig. 2(g ) rather than Fig. 2(h) . At these 65-and 75-ns times for B z = 4 T, the little to no current region shown in the B z = 0 and 1 T images at 55 ns [ Fig. 2 (e) and (f)] is still present but not displayed due to the color scale change. Furthermore, the ablation nonuniformities are not only delayed in time but also suppressed, as the surface plasma is still largely uniform at 90 ns.
The B z = 1 T case generates a more nonuniform plasma ablation (at 10 17 − 10 18 cm −3 , cyan and green) than both the 0-and 4-T cases, which is an unintuitive result. The applied B z will create a J x B z component of the J × B force that will move the initial density perturbations in the negative y-direction. The density perturbations (initialized as 0.5% random fluctuations) will change the material resistivity, and thereby influence the current path through the foil. The nonuniform current will heat (by joule heating) the material nonuniformly, producing nonuniform regions of ablating plasma (density). One may think the J x B z component of the J × B force would tend to move the initial density perturbations in a manner that would smooth them out rather than propagate the nonuniformities. We still do not know the precise physical mechanism by which the applied B z enhances these current and density nonuniformities in an unstable (feedback) mechanism. We again note that the current and density nonuniformities occur both in the solid-liquid phases (∼10 22 cm −3 ) and plasma phases (∼10 19 cm −3 ).
The PERSEUS XMHD (or Hall MHD) simulations, which include Hall physics along with resistive MHD, can model additional physics compared to a resistive MHD code. Hall MHD can capture asymmetries with respect to a reversal of the applied B z , which would not be captured in resistive MHD. Hall MHD models a physical transition to zero conductivity in vacuum for perpendicular currents. While both the Hall MHD and resistive MHD require a density floor, resistive MHD generally requires a higher floor for stability and is more sensitive to the value of that floor. This sensitivity affects the ablation rates, with MHD generally being less ablative than Hall MHD for the same floor value. With respect to the electrothermal instability, which is the likely process through which the ablation plasma becomes structured, Hall MHD and MHD are very close with almost no detectable differences for densities greater than about 10 19 cm −3 . Differences arise primarily in the ablation of plasma from the "lower" side of the foil on which the drive magnetic field is applied (here, the side of the foil facing the negative-z boundary in Fig. 1 ). The main difference is that the structure of the low density plasma in the range of <10 18 cm −3 becomes field aligned, whereas MHD shows no structuring on this side. This lower side structuring apparently does not affect the structuring of the upper side ablation plasma streaming away from the foil, as MHD and Hall MHD are similar in structure, likely because the electrothermal instability is not affected appreciably by the Hall term. The main difference between the Hall MHD and MHD for the upper side streaming ablation plasma is that the density stream is higher for Hall MHD due to the differing ablation rates for the same density floor.
IV. CONCLUSION
We utilize the XMHD code, PERSEUS, to study the ablation of an aluminum foil driven by the current pulse of a pulsed-power machine. We examine the effects of an external magnetic field, B z , directed normal to the surface of the foil. In this paper, we limit our analysis and discussion to the "upper" surface of the foil, defined as the surface facing away from the computational boundary at which the magnetic field, B y (t), is applied in order to drive current, J x (t), through the foil.
An external B z =1 T causes more nonuniform ablation than the B z = 0 T case. These nonuniformities are apparent in both the (number) density and current distributions, and they are present at both higher solid-liquid densities (∼10 22 cm −3 ) and lower plasma densities (∼10 19 cm −3 ). When the applied B z is increased to 4 T, we observe a delayed generation of ablated surface plasma. The reason for this delay is presently an open question, but we interpret the delay to possibly be the result of either: 1) anisotropic conductivity influencing plasma dynamics and 2) the increased magnetic pressure into which the surface plasma must expand. Furthermore, when the surface plasma is generated, the density is more uniform compared to the 1-T case. In addition, for all B z = 0, 1, and 4 T, we observe a gap layer with little to no current in an intermediate density range between the higher density solid foil and lower density ablating surface plasma.
Modeling the ablation process (melting, vaporizing, and ionizing of an initially solid material) permits understanding of the details of a material's phase transitions. Plasma instabilities may originate from (or be seeded by) phenomena that occur in the solid and liquid phases. In this paper, we find that a 1-T external magnetic field enhances nonuniform plasma ablation compared with both 0-and 4-T fields, and the plasma nonuniformities originate from the current nonuniformities in the higher density solid-liquid phases. If the dynamics of the ablation process were not modeled, but instead, the foil was initialized starting from the ionized plasma phase, the magnetic-field-dependent plasma nonuniformities present in this paper would not have appeared. The external magnetic field applied in this simulation work corresponds to an axial magnetic field (B z ) in a radial foil geometry or a radial magnetic field (B r ) in a cylindrical liner geometry. A B r component of the total magnetic field could be generated during compression and field line bending of an initial axial magnetic field, as an example. Next steps for this paper include comparing simulation predictions with experimental measurements. Future work will investigate the dynamics of the lower density plasma that ablates from the upper foil surface in comparison with radial foil experiments, and additional work will explore the ablation dynamics of the "lower" surface of the foil in comparison with cylindrical liner experiments. A better understanding of different material phases can facilitate the accurate interpretation of experimental data as well as more confidence in simulation results, particularly in the warm dense matter regime.
